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Abstract 
The natural estuarine environment in Geum River Estuary (GRE) has been altered by the GRE dam since 1994. A 
circulation model of GRE as a basis of real-time prediction system for environmental management is established. 
Through the model calibration and validation, it is found that the model reproduces physical variables in a 
reasonable manner. In normal season, the vertical salinity gradient and the stability of water mass alternate 
periodically according to the tidal range. High freshwater runoff in summer changes greatly the salinity structure 
and the unstable state of water mass is maintained in front of the dam irrespective of the tidal range. Two-layer 
circulation with less saline surface water flowing offshore and more saline bottom water flowing upstream, is found 
all the year round. Especially in summer, the gravitational circulation is more conspicuous due to enlarged salinity 
gradient. The circulation pattern of the estuary is largely governed by the seasonal variation of freshwater discharge 
from the dam. 
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1. Introduction 
The exploitation and development of estuaries are major concerns of diverse stakeholder. Scarce are, however, a 
relevant system for exploitation, and a scientific basis and data for efficient development. Various programs have 
been operated in advanced countries to manage the exploitation and development of estuaries. One of those is to 
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operate an estuarine environmental prediction system using numerical models (Hess et al., 2003; Zhang et al., 2009). 
This study aims ultimately at establishing a foundation of the real-time prediction system of estuarine 
environment for effective management. The target area is the Geum River Estuary with higher order of priority of 
management among Korean estuaries. 
The circulation dynamics of the estuary and the variability of salinity front caused by freshwater discharge were 
investigated by Chung et al. (1983) and by Kim and Chung (1988). The salinity structure and estuarine type was 
studied by Lee et al. (1999) and they continued their research to tidal modulation of low salinity water (Lee et al., 
2001). As the previous studies are based on short-term field investigation, it is not sufficient for those to be applied 
to consistent environmental management of Geum River Estuary. An estuarine circulation model as a basis of real-
time prediction system is, thus, constructed in this study to apply to environmental management of the estuary. 
2. Study area 
The Geum River debouching the mid-eastern Yellow Sea, is the third largest river in South Korea. The 
freshwater lake was separated from the estuary as the sluice gates of the Geum River Estuary Dam were operated in 
1994, since when salinity diffusion and tide propagation to the upstream over the estuary dam were blocked (Choi 
and Ahn, 1985; Choi and Oh, 1987). The riverine freshwater is released to the estuary in ebbing tide at the intervals 
of one to three days, and over 20 million tons an opening episode in rainy summer. The intermittent freshwater 
discharge affects greatly the estuarine circulation pattern. 
There consist of two shallow distributary channels in the estuary. The water depth between the North and the 
South Breakwater, where is the entrance of the main channel is about 15 m below datum level. The Gaeya Channel 
in the north of Daejuk Tidal Flat is much shallower. The Gupo Tidal Flat is located in front of the estuary dam, and 
the channel along the northern boundary of the flat, connecting the sluice gates and the main channel, is shallower 
than 5 m below datum level (Fig. 1). 
 
 
Fig. 1. Bathymetry of the Geum River Estuary. Greyish is the tidal flat above datum level. 
3. Numerical model 
The three-dimensional hydrodynamic model, Delft3D, developed by Deltares, the Netherlands is used. Delft3D is 
a modeling package consisting of several modules to compute the flow, wave, morpho-dynamics and water quality 
in coastal waters (Deltares, 2014).  
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4. Model setup 
4.1. Computation Grids 
The model domain includes upstream river to the Baekje Weir 60 km distant from the dam as well as the estuary 
and the far offshore, which is 107 km long in east-west and 124 km long in north-south direction. The orthogonal 
curvilinear grids were constructed horizontally and the minimum grid spacing is 90 m in the estuary (Fig. 2). Water 
columns are divided by five equidistant sigma layers vertically. 
  
Fig. 2. Computation grids and observation points (a), exaggerated grids near the estuary dam (b) and the Yellow Sea regional model domain (c). 
4.2. Initial conditions 
The cold start condition is assigned as the tide level and current is null in the estuary. The water level in the river 
is designated to the observed at the time of modeling start. The salinity in the estuary is given to 32.1 psu that is the 
average in winter from the Marine Environmental Information System (MEIS, http://www.meis.go.kr), and that in 
the river to 0 psu. The water temperature is assigned to 10.0Ȕ in the estuary that is the average in winter from MEIS, 
and to 8.5 Ȕ  in the river that is the average in winter from the Water Information System (WIS, 
http://water.nier.go.kr). 
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4.3. Boundary conditions 
The tide levels reconstructed from ten constituents, i.e. M2, S2, K1, O1, N2, K2, P1, Q1, M4, MS4, are imposed 
along the lateral offshore boundaries. Salinity and water temperature are adopted from the Yellow and East China 
Sea model (see Fig. 2(c)) developed by the modeling group in which the authors involve. The measured flow rate 
from the Baekje Weir is imposed as the upstream discharge condition with the water temperature from WIS. 
Discharges from the drainage downstream of the Baekje Weir are estimated using catchment modeling by 
HydroCore Ltd., Korea. The real-time discharges from the dam are imposed at the internal model boundary between 
the estuary and the river. Relative humidity, air temperature, cloudiness and solar radiation from Korea 
Meteorological Administration (KMA) are assigned to simulate the air-water heat exchange. The predicted winds at 
10 m above the water surface from Climate Forecast System Model version 2 (CFSv2) of US National Center for 
Environmental Prediction (NCEP), a subsidiary of National Oceanic and Atmospheric Administration (NOAA), are 
applied on each grid by bilinear interpolation.  
4.4. Calibration and Validation 
The accuracy of modeling results can be assessed from the model calibration and validation. The period of 
calibration and validation run is for one year, 2014 and 2015, respectively. Tide, water level in river, current, water 
temperature and salinity are used for model calibration and validation. The skill scores estimated by the absolute 
relative error as in eq. (1), where  Oi is the observed and Mi is the modeled at the intervals of one hour, are listed in 
Table 1. 
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The model skills are higher than 82.4% for calibration and 72.7% for validation, respectively. Fig. 3 shows the 
scatter plot of tide and current for model calibration. Time series and scatter plots of temperature and salinity are 
shown in Fig. 4. The model in general reproduces physical parameters in a reasonable manner, except the lower 
salinities in front of the dam which might be improved in the near future. 
Table 1. Model skills for calibration and validation.        (Unit: %) 
Run 
Tide Water Tidal current 
Temperature Salinity 
Amplitude Phase Level Amplitude Phase 
Calibration 97.8 99.5 97.5 82.4 88.7 86.5 95.4 
Validation 91.1 99.3 - 72.7 93.2 92.7 95.0 
ȄG Tide: averaged over 8 constituents at 6 stations 
ȄG Water level: averaged over 3 stations 
ȄG Current: averaged over 2 constituents (M2, S2) at 19 stations for calibration and 5 stations for validation 
ȄG Temperature: averaged over 11 stations for calibration and 28 stations for validation 
ȄG Salinity: averaged over 2 stations for calibration and 28 stations for validation 
 
5. Circulation characteristics of Geum River Estuary 
5.1. Stability of water mass 
Spatio-temporal variations of the salinity difference between surface and bottom layer, and the Richardson 
Number (Ri) along the thalweg dotted in Fig. 1 for the year 2014 are shown in Fig. 5. Ri is the parameter to assess 
the stability of water mass. The vertical stratification is strengthened with increasing Ri, on the contrary the vertical  
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(a) Tide amplitude (b) Tide phase (c) Tidal current  
amplitude 
(d) Tidal current 
Phase 
Fig. 3. Scatter plot of tide (a, b) and tidal current (c, d) for model calibration. 
  
  
Fig. 4. Time series plot of temperature (top left) and salinity (bottom left) for model calibration and scatter plot of temperature (top right) and 
salinity (bottom right) for model validation. 
 
mixing is intensified with decreasing Ri. The water mass is classified to be stable when Ri is larger than 0.25 
(Tumer, 1973). 
In winter and spring when the freshwater runoff is small, the salinity difference between surface and bottom layer 
is less than 3 psu, and shows fortnightly variations with larger difference in neap tides. Salinity differences higher 
than 5 psu are shown from KP10 to the upstream since June when the runoff increases. The largest vertical salinity 
difference extends to KP20 in August with the highest runoff. This implies that a considerable amount of freshwater 
reaches the entrance of estuary via surface layer. 
Vertically stable or unstable state alternates according to the tidal range, i.e. tidal current speed, and the 
freshwater runoff from KP 10 to the upstream. In front of the dam, an unstable state is formed during the river flood, 
irrespective of the tidal range. A stable state is maintained from KP10 to the downstream all the year round. 
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Fig. 5. Spatio-temporal distribution of vertical salinity difference (a) and Richardson Number (b) in 2014. KP means kilometric point from the 
dam, of which position is shown in Fig. 1. 
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5.2. Estuarine circulation 
Generally two-layer gravitational circulation is generated in estuaries, which is caused by the baroclinic force, 
namely the horizontal density gradient. Longitudinal distributions of monthly mean salinity and residual current in 
February (dry season), June (normal season) and August (river flood) is represented in Fig. 6 to analyze the 
estuarine circulation characteristics. The estuarine type belongs to well-mixed or partially-mixed one, and the 
salinity distribution is seasonally variable. Saline water higher than 30 psu is shown in both surface and bottom 
layers to KP15 in February and June, but in August is pushed offshore to KP20 in surface layer and to KP19 in 
bottom layer. Though the salinity in front of the dam (KP0) exceeds 10 psu in February, falls below 5 psu in August 
owing to the freshwater runoff. 
In the lower estuary, the residual current exhibits two-layer circulation flowing offshore in surface and upstream 
in bottom all the year round. The outflowing residual in surface is stronger in August than the other seasons, due to 
considerable amount of freshwater reaching the lower estuary via surface layer. The magnitude of residual current is 
larger in June and August than in February due to baroclinic force. The spatial salinity gradient becomes larger in 
summer, which causes the intensified two-layer circulation. 
 
 
 
 
Fig. 6. Longitudinal distribution of monthly-mean salinity and residual current along the thalweg shown in Fig. 1. 
6. Summary 
A circulation model of the Geum River Estuary as a basis of real-time prediction system for effective 
environmental management, was constructed, calibrated and validated. The model reproduces the observed tide, 
current, temperature and salinity in a reasonable manner. In normal season, the vertical salinity gradient and the 
stability of water mass alternate periodically according to the tidal range. High freshwater runoff in summer changes 
greatly the salinity structure and the circulation pattern. Two-layer circulation with less saline surface water flowing 
offshore and more saline bottom water flowing upstream, is found all the year round. Especially in summer, the 
inflow of saline bottom water is conspicuous due to enlarged salinity gradient. 
The calibration and validation of the model will be further refined, and provide accurate flow fields to simulate 
the transport and accumulation of materials such as suspended sediment, water quality and so on. Also an estuarine 
real-time prediction system will be eventually developed based on the model. 
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